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- what is a dimension?

y4

Rene Descartes - /- . points in 3-dimensional space
= * represented mathematically by
-their Cartesian coordinates Xx,y,z




: t_h_é power df'_a'n_'al'yt-ic gedmétry

equations replace pictures:

x*+y?=1 | ' circle

x2 4 y? +z2=1 ‘ sphere :

_ X2 5N yz 4 Z'2: 1 W2 Ly 1' Hypersphel’e -




‘we can als_o': rﬁaké pi'ctures of the .
- 3-dimensional shadows of 4-dimensional objects

‘this is like the more familiar case of
2-dimensional shadows of 3-dimensional objects

the shadow of a
~ rotating cube looks: like
6 distorted squares
moving through each other




the 3-dimensional shadow
of a rotating hypercube

looks like 8 distorted cubes

moving through each other




extra dimensions make sense in mathematics =~

do they also make'sense in physies?

| could there be more physmal dlmen3|ons than
| the three that we see?

if so’, why are the extra dimensions h'id'den?_ -

~and what are they good fer?. |




~ the fathers of .'_eXt-ka _-diménSions




t|me |s the fourth dlmen3|on
| A. Elnsteln 1905

e four dimensional space-time: x,y,z, and t

. there is a unlversal constant called “c”. , which
converts measurements of t|me into measurements-—
ofspace |

=_299,792 kil_orneter_s per second -




space has a shape
A Elnsteln 1911

the curvature of space IS
revealed by-measuring the total
angle inside a triangle

the shape .of-space_-'is determined
by matter and energy RN

gravity is nothing m_cre than
curvature of space-time




the fifth dimension

in 1914, Finnish physicist Gunnar Nordstrom

showed that gravity and electromagnetism

could be unified as a single force, in-a theory
- W|th an extra spatial dlmen5|on

Einstein ignored Nordstrom’s idea, -
probably because it used Nordstrom’s
~own theory of gravity, which.was then
in competition with Einstein’s |




the fifth dimension

in 1919, Polish mathematician Theodor Kaluza
again introduced the idea of a fifth dimension,
but this time using Einstein’s theory of grawty
- thIS made aII the dlfference

“The idea. of achieving [a unified theory]

by means of a five-dimensional cylinder
~world never dawned on me... At first -

glance | like your idea enormously”




the ﬁ_'fth_-dim'e_nsi'on:_ is a circle

| Nordst.r_drﬁ, Kaluza, and Einstein all assumed
that the fifth dimension wasn’t real, since
otherwise why don’t we see it?.

in 1926, Swedish physicist Oskar Klein
_proposed that the fifth dlmen3|on was real
but too tiny to see - -

“Kleln S paper is
beautn‘ul and |mpre55|ve




A simple example:

the fightrope walker sees
the tightrope as having only
oné spatial dimension

the ti'ghtrope_:w_élker' can
‘only move-in one direction,
- (back and forth)

the extra dimension is a circle?




but an ant on a tightrope
can move both back and forth
AND around a circle
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the ant sees an extra dimension
= an extra tiny circle at every point
along the tightrope




the fifth dimension is a circle
Klein coﬁﬁpﬁted how small the circle of the =

5th dimension should be, in order to give a
unified theory of gravity and electromagnetism

- the answer is:

- .OOOOO_O'O0.0000000000000000000001 Cénfcimeters




_n'ob'od_y thought about
u;extra dlmen5|ons for 50 years




strmg theory

in the 1970s some
visionary physicists began -
to construct a
radical new theory

John.Schwarz :
| Pierre. Ramaond

in this theory all of the
elementary particles are
~ just different vibrations of
" microscopic strings

Gabriele Veneziano




in string theory

electrons, quarks, phbt‘o'hs grévitons neutrinos, etc are
~ all different vibrations of one kind of mlcroscoplc string:
. the superstring




~ what are sup_ers_trin_gS?.'-

e like guitar s‘trings_,._t'he'y' are elastic, and they
have tension - |

o like the pitch.andbve'rtones_' of a 'guitar string,
superstrings have their own special vibrations,
called string moges_' '

P f‘f l'-" g .




“what are su-perstring's?'-

e unlike gwtar strmgs superstrings are not made
out of anything, and they have zero thlckness'

unlike guitar strings which a’re stretched by
tuning pegs, superstrmgs have to stretch
themselves! - |




qua'nt'u"m .superstkin:g's'

. superstrlngs stretch themselves o), W|ggl|ng . =
quantum mechanics says that a microscopic strlng .
will always be wiggling, at least a little bit




particles from stkinQS'

e to us, a'micros'copic wigglihg string looks like a -
particle, because the string is too small for us to
notice either its size or its wiggles .

e the momehtUm of the string vibrations, and the-
. energy of the string stretching, will Iook to us I|ke
the mass of the partlcle

- e this mass can be computed from Elnsteln S
famous formula:




actually we need the more complete
ver5|on of this formula:

this formula tells us the mass of a

“particle™ in terms of the energy and
‘momentum of the vibrating superstrmg




John.Schwarz

2
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oné small problem:

some elementary partlcles (the photon Fo,

the grawton) are massless

for super_strlngs,_ this requires a‘delicate

- cancellation between the energy and
- momentum of stretching and vibration -

|n the original version of strlng theory,
the cancellat|on dldn t-work!

(50— (pu0? £ 02




& only two ways to modlfy the quantum |

vibrations of a strmg

e invoke sup'ersymmetry,_ which
reduces the quantum wiggles

e increase the number of épatial'
dimensions that the strlngs can

John.Schwarz nggle m

only with 9 spatial dlmen3|ons can
superstrlngs produce the partlcles that we. see! i 8

B — (pee)? = (bye)* ~ (pic)? = 0




superstrmgs
"7! a great idea?
" -

- John.Schwarz
| Plerre Ramand

" denied ténﬁre. at Caltech R iy, ﬁred from Fermilab -

after 10 years of neglect,
string theory finally
became a hot idea in 1984




o strlng theory is very |
elegant mathematlcally

but if we take string
theory seriously, it |
 makes a firm prediction
that there are (many) .ﬂ_ﬁ :
~ eXxtra dimensions of
fogpaces e It i

e is this reasonable?




too many part|cles

e so far, particle physmsts |
have discovered 57
dlfferent elementary
particles

and these 57 particles are
related to each other in
complicated ways
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Three Generations of Matter

something is wrong or. l
missing in this picture...




the shape of extra dimensions
- may explain the complexities
of particle physics - |

- slice of a .
6 dimensional Calabi-Yau
* manifold




| hc')'w'd(j.you'det'e(_::t"
- an extra dimension?

‘e even if extra dimensions make sense in. theory, it
. still isn’t physics until you ﬁnd a way to detect
them in experlments - |

' o this depends upon What is the phy5|cal mechanlsm
that IS. hldmg them .

o let’s explore Klein’s idea that extra dimensions are
hidden because they are tiny




Kaluza-Klein modes

suppose an electron can move
around a tiny 5th dimension”

it-will have momentum from thls _'
motion |

quantum mechanics says that this
momentum is quantized: it has to
be a muItlpIe of

' _th|s IS I|ke the quantlzed momentum_

.of an electron In an atom

circle with radius |




Kaluza-Klein modes

o if the extra dimension is tiny, we will
not see the electron’s motion
around it '

as with the string wiggles, we will

interpret the momentum from this
motion as a.contribution to the =~
particle’s mass: .

circle with radius |




Kaluza-Klein modes

e what we will detect is a much heavier
. version of an electron -

o we caII this new heavy partlcle a e
Kaluza-Klein mode _ circle with radius |

o the._sm_a_ller the e_xtra dimension is,
. the heavier these new particles will be




.Cockroft -
Walton

 LINAC







one small problem:

e we don’t know which eIeme'ntary partic_les can
. move in the extra dimensions

e so wedon’t know What kind of Kaluza- KIe|n modes'
- to look for |

o strlng theory suggests that perhaps none of the
particles that we are made of can move in extra -
dlmen5|ons' | '




the braneworld

only gravitons and éexotics
move in the “bulk” of the
extra dimensional universe

- .

ordmary partlcles are trapped on a brane and can’t move in the
' ' extra.dimensions ~ ' '




o if the braneworld |dea is correct, the extra dlmen5|ons
: may be. Iarge' |

e only experlments wrth graV|ty or grawtons will detect
| the presence of extra dlmensmns

Nima
Arkani-Hamed

" Gja Dvali T L I S ‘Raman Sundrum-




Kaluza-Klein gravitons

e if (some of) the extra diménsions ar’e large, the
Kaluza-Klein modes of the graviton may be Ilghter
partlcles not heavy partlcles |

e in'that case you may be able to detect them |
without using particle accelerators -




- extra dimensions at Fermilab

e. particle accelerators are-our most powerful tools.
for exploring extra dimensions .

If Klein’s idea of tiny extra dimensions is correct,
~ we can still detect them as long as their size is no
'smaller than .00000000000000001 centimeters!

if the braneworld is correct, we can produce
Kaluza-Klein grawtons at partlcle colliders like the
Tevatron




one smaII problem

e in the braneworld scenario, the Kaluza Klein
- gravitons that we produce will d|sappear into the
extra dlmen3|on |

-




“shoes in extra dimensions - -




“shoes in extra dimensions - -




- an experimental challenge

Maria Spiropulu ' @ ek By e Greg Landsberg
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through trillions
of “events”
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events that have
new particles or
. new physics

to find the rare -




- what does the Tevatron |

data show so far?

-

Invariant Mass .
| ‘DEJ Run Il Preliminary
> F ﬂ =
g al ——&— Data 10°
= 10 E = Standard Model Background —t —I_
% - SM+ED terms ( ng = 1.0 TeV ™)
T 0P SM+ED terms ( 1, = 3.0 TeV ™) ¥*-
e = SM+ED terms ( 1, = 5.0 TeV ™)
5 10
10 =
1E
. 1
107 k£
2| l L 1 1 1 | | ‘_Il_l_‘_
10 o — 80 100 120 140 160 180 200 220 240
0 100 200 300 400 500 600 700 800 ,
Diu Invar. Mass(GeV)




the search Contmues...__

| Tevatronis runnlng now - -
" LHC collider at CERN turns on in 2007

with 7 times the energy
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